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To determine anisotropic myocardial stiffness using waveguide cardiac magnetic resonance 
elastography (CMRE) in an ex-vivo porcine model with varying left ventricular pressure 
simulating heart failure with preserved ejection fraction and compare the results against isotropic 
myocardial stiffness. 
Methods 
Diffusion tensor imaging (DTI) and CMRE was implemented on three ex-vivo porcine hearts 
inflated with two different pressure values on a 3T MRI scanner to obtain fiber orientation and 
displacement information respectively. An orthotropic inversion was performed on the 
displacement data to estimate the anisotropic stiffness coefficients (compressional and shear) in 
the heart for both the inflation pressures and the results were compared against isotropic stiffness 
estimates.  Paired student’s t-test was performed to determine the significant difference in 
stiffness values between the two inflation pressures with the two different inversion techniques. 
Results 
Our results show that anisotropic stiffness estimates demonstrated a significant difference 
between the two inflation pressures both in the compressional (P-Value=0.0053) and shear (P-
Value=0.0015) measurements. On the other hand, the isotopic stiffness measurements showed a 







From the results we can conclude that it is feasible to estimate anisotropic stiffness in the 
myocardium and anisotropic myocardial stiffness provides superior information as compared to 
isotropic myocardial stiffness. 
Keywords 
Anisotropic myocardial stiffness (AMS), Isotropic myocardial stiffness (IMS), waveguide 
















Myocardial stiffness (MS) [1-4] is an important parameter in determining cardiac function. 
Stiffness is elevated in cardiovascular diseases such as ischemia [5], myocardial infarction (MI) 
[6], hypertension [7], diastolic dysfunction [8] and hypertrophic cardiomyopathy (HCM) [9]. 
These diseases trigger heart failure (HF) either with reduced or with preserved ejection fraction 
(HFPEF) [10]. Among 5.1 million [11] Americans with HF, 50% [12, 13] suffer from HFPEF. 
Although, epidemiological studies have confirmed equal prevalence of both kinds of HF [14], 
clinical therapies for HFPEF have not been established yet [15], precisely because there remains 
controversy about the diagnostic criteria for HFPEF [4, 14, 16-20], and to date no placebo-
controlled trial has convincingly demonstrated morbidity or mortality reduction in HFPEF [21]. 
However, it is well known that HFPEF is associated with impaired left ventricular (LV) 
relaxation due to increased passive MS [22-25]. The current gold standard for assessing MS [1, 
26-28] is pressure-volume (P-V) analysis which is invasive in nature, requires technical precision 
and measures LV chamber stiffness which does not indicate the true intrinsic property of the 
myocardium. The other commonly used technique to estimate MS known as mechanical testing 
requires ex-vivo strips and cannot provide information of MS during heart cycle [29-32]. 
With the advent of medical imaging non-invasive surrogates such as Doppler-
echocardiography (DE), ultrasound elastography (UE) [33, 34] and MRI based techniques like 
spatial modulation of magnetization tagging [35, 36], strain encoding [37] and displacement 
encoding with stimulated echo [38] became popular. While the predictive accuracy of DE is 
suboptimal [23, 39], UE has not been applied to estimate MS and the MRI based techniques only 
measures cardiac deformity (strain) and does not consider loading conditions (stress) and hence 
does not provide a true estimate of MS. 
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Figure 1: Schematic of a CMRE set-up. An active 
acoustic driver is placed outside the scan room. A 
passive driver is placed on the chest wall. Acoustic 
waves are transmitted from the active driver to the 
passive driver via a tube and finally induced into the 
myocardium.  
Figure 2.  A GRE based CMRE sequence showing that the 
motion encoding gradients (MEG) are synchronized with the 
external excitation.  The MEG can be applied along any axis.   
Therefore, there is a need to non-invasively 
quantify MS to understand the pathophysiology 
of HFPEF. Furthermore, investigating 
anisotropic myocardial stiffness (AMS) will 
additionally enhance diagnosis and prognosis of 
HFPEF primarily due to 2 reasons. First, disease 
progression in HFPEF is associated to increase in AMS. This is because factors triggering 
HFPEF like aging [40] and diabetes [41] related to increase in MS are caused by increase in 
cross-linking (C-L) of extra cellular matrix (ECM) fibrillar collagen [42]. This deposition of C-L 
of ECM causes an increase in MS and occurs with pronounced preference in the direction 
transverse to the myocardial fibers [43]. Second, any insight about the anisotropic pathway of 
disease progression in HFPEF will assist in development of therapy specific to HFPEF. This is 
because, there is evidence that some myocardial therapeutic agents provide anisotropic 
therapeutic effect [44, 45]. Moreover other agents have been known for breaking down the C-L 
of ECM leading to decreased MS that prevented myocardial complications associated with 
aging, hypertension and diabetes. 
Combination of these properties of drugs 
can be exploited to treat affected 
anisotropic pathways in HFPEF. 
Cardiac magnetic resonance 
elastography (CMRE), pioneered in our 
lab is the first non-invasive technique to 
quantify MS [46-55]. CMRE involves a 
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3 stage process. First, acoustic waves are introduced through the chest wall into the myocardium 
(Fig. 1). Next, a phase-contrast MRI sequence (Fig. 2) is synchronized with the externally-
applied waves to encode the wave displacements. Finally, the displacements are converted to 
stiffness maps through a mathematical process called inversion. Existing CMRE inversion 
algorithms [56] assume that the induced acoustic waves are propagating in a uniform, infinite, 
homogenous, isotropic medium. Therefore, current inversions provide only a coarse estimate of 
isotropic myocardial stiffness (IMS). Further advancement in CMRE is feasible by incorporating 
myocardial anisotropy into the inversion algorithm. 
Recently, with the development of waveguide CMRE a novel inversion algorithm to explore 
AMS has been defined [57]. Waveguide CMRE explores the inherent property of tissues to 
support anisotropic wave propagation in order to estimate AMS. This concept was first 
introduced by Romano et al. in 2005 [58] using a stalk of celery. It was later implemented on a 
human volunteer to estimate anisotropic stiffness in calf muscles [59]. In 2012, the technique 
was applied to measure in-vivo anisotropic stiffness of brain white matter tracts [60] and then 
later applied on amyotrophic lateral sclerosis patients [61]. In this study, we implement 
waveguide CMRE to determine AMS and IMS in an ex-vivo porcine model with varying left 
ventricular pressure simulating a heart failure model with preserved ejection fraction and show 
that AMS provides superior information compared to IMS.  
METHODS 
Waveguide CMRE 
Waveguide CMRE is based on the inherent anisotropic property of biological tissues to 
support anisotropic wave propagation which is exploited to estimate AMS. The inversion 
algorithm requires a prior knowledge of the fiber pathways along which acoustic waves travel 
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Figure 3: Local reference frame of the fiber 
tracts constructed from the principal 
eigenvector.  
within the myocardium, in a particular volume 
surrounding these pathways. The orientation of the 
pathways is identified using diffusion tensor imaging 
(DTI) and the dynamic displacements are provided by 
the CMRE acquisition. Provided with the knowledge 
of the position vectors of the pathways a spatial-
spectral filter is applied to the first harmonic 
displacement data in order to isolate waves traveling in 
specific directions parallel and orthogonal to the 
myocardial fibers. Simultaneously, Helmholtz decomposition will be implemented to separate 
the total field into its longitudinal and transverse components. By filtering the displacements 
along the six specific directions within the local reference frame (Fig. 3) of the fibers, the 
equations of motion decouple allowing each of the nine elastic coefficients to be solved 
independently of one another. Finally, an orthotropic inversion is implemented on the filtered 
longitudinal and transverse displacements to evaluate the stiffness coefficients along the 
diagonals of the orthotropic tensor. The compressional (C11, C22, C33) and shear (C44, C55, C66) 
complex stiffness values along the diagonals are computed using the following equations. 
Along the n1 direction of the local reference frame the compressional and shear components 
are given by: 
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Along the n2 direction of the local reference frame the compressional and shear components 
are given by: 
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Along the n3 direction of the local reference frame the compressional and shear components 
are given by: 
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Where u1(n1), u2(n2) and u3(n3) represent the directionally filtered displacements provided by the 
spatial-spectral filter; x1, x2, x3 are the differential parameters along the rotated axes, and the 
superscripts L and T correspond to the longitudinal and transverse components provided by the 
Helmholtz decomposition. 
Experimental Set-up 
  Three juvenile Yorkshire 
(~80 lbs) pigs were used for this 
study. After the animals were 
euthanized, their hearts were 
extracted, flushed and stored in 
Figure 4. Experimental set-up. 
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Ringer’s solution at 4oC till 
the scanner was available (i.e. 
~5 hrs). A balloon was 
inserted through the aortic 
opening into the LV chamber 
via a plastic tube (Fig. 4). The 
other end of the plastic tube 
was connected to a T-connector. A syringe was attached to one end of the T-connection to inflate 
the balloon with air at two different inflation pressures as shown in Fig. 5. Pressure ranges varied 
from 50 to 70mm of Hg for the lower inflation and 80 and 110mm of Hg for the higher inflation. 
The other end of the T-connection was connected to a pressure transducer (PX26-005GV, 
Omega Engineering, Stamford, CT) to measure the real-time pressure in the heart using a 
computer at a sampling rate of 1kHz.  
Acquisition 
DTI and CMRE were performed on 3 ex-vivo pig hearts on a 3T MRI scanner (Tim Trio, 
Siemens Healthcare, Erlangen, Germany). Short axis views covering the entire myocardium were 





). DTI: Imaging parameters included: 30 diffusion encoding directions; 4 averages; 
TE/TR=90/5000ms; b-values=0,1000s/mm
2
; MRE: Imaging parameters included: 
TE/TR=23.3ms/33.33ms; α=22o; mechanical vibration frequency=60Hz; 4 MRE time offsets; 
and motion encoding gradients (MEG) of 16.67ms duration (60Hz) was applied in all the three 




















































Figure 5: Chart showing inflation pressures 
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amplitudes were used on alternate views and a phase contrast reconstruction was performed to 
obtain images of tissue displacement. 
Analysis 
The acquired MRE and DTI images were masked to segment the LV. Custom-built software 
written in Matlab (Mathworks, Natick, MA) was used to obtain the principal eigenvectors. A 
spatial-spectral filter and the Helmholtz decomposition were applied to the displacements over a 
volume of  8 X 8 X 8 pixels (x,y,z) about the fiber to provide the filtered displacements at each 
data point using a Cooley-Tukey wavenumber filter with ∆k=1. The necessary spatial derivatives 
were subsequently performed in k-space, and inversions of the previous equations were 
performed in real space yielding the complex elastic coefficients for AMS. Additionally, 
isotropic stiffness was measured using MRE Lab (Mayo Clinic, Rochester, MN). A 3D local 
frequency estimation (LFE) inversion [56] was performed by applying a directional filter in 8 
directions (to remove the reflected waves) and a band-pass filter (to remove the longitudinal 
motion). The mean AMS and IMS values and their standard deviation (SD) from all the slices 
were reported. Paired student’s t-test was performed to determine the significant difference in 
stiffness values between the two inflation pressures with the two different inversion techniques. 
RESULTS AND DISCUSSION 
Figure 6 shows the wave image and the corresponding stiffness maps (anisotropic and isotropic) 
for Pig 1 at two different inflation pressures. From the stiffness maps we observe that results 
corresponding to higher inflation pressure have higher stiffness estimates as compared to lower 
inflation pressure. A quantitative analysis of all the pigs is shown in a bar graph in Fig. 7. The 
mean stiffness values and their standard deviations for both the anisotropic (C11-C66) and 
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isotropic inversion (LFE) algorithms in all the porcine hearts have been reported in the graph. In 
all the cases our results demonstrate that in general, compressional stiffness coefficients (C11, 
C22, and C33) are higher than the shear stiffness coefficients (C44, C55, C66) which are higher than 
the isotropic stiffness measurements. Furthermore, we observed that there was a significant 
difference between the stiffness measurements of the lower inflation pressure and the higher 
inflation pressure for the anisotropic inversion model. The P-value for the compressional 
coefficients was 0.0053 and the P-value for the shear coefficients was 0.0015. However, the 
isotopic stiffness coefficients indicated a minute increase in stiffness as a function of pressure 
with no significant difference (P-value=0.75).  
Figure 6. Wave images,  anisotropic stiffness maps and  isotropic stiffness maps from Pig 1 for both the lower and higher 









In this study we have demonstrated the feasibility of determining non-invasive anisotropic 
stiffness along individual myocardial fibers using waveguide CMRE. We have proved that 
anisotropic assumptions for inversion model provide superior information compared to isotropic 
assumptions. More studies involving multiple inflation pressures are warranted to determine the 
reliability of this technique and its applications for the diagnosis and prognosis of different 
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Figure 6. Columns 1-3: Mean and SD for compressional stiffness coefficients (C11- C33). Columns 4-6: Mean and SD for 
shear stiffness coefficients (C44- C66). Column 7: Mean and SD for isotropic shear stiffness measured using local 
frequency estimation.  Colors blue green and purple corresponds to Pig 1, Pig 2 and Pig 3 respectively. The lighter 
shades represent stiffness measurements from lower pressure values and the darker shades represent stiffness 
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